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Stability of oxygen point defects in Ruddlesden-Popper oxides (La1-xSrx)2MO4±δ (M = Co, Ni, 
Cu) is studied with density functional theory calculations to determine their stable sites, charge 
states, and energetics as functions of Sr content (x), transition metal (M) and defect concentration 
(δ). We demonstrate that the dominant O point defects can change between oxide interstitials, 
peroxide interstitials, and vacancies. Generally, increasing x and atomic number of M stabilizes 
peroxide over oxide interstitials, as well as vacancies over both peroxide and oxide interstitials; 
increasing δ destabilizes both oxide interstitials and vacancies, but affects little peroxide 
interstitials. We also demonstrate that the O 2p-band center is a powerful descriptor for these 
materials and correlates linearly with the formation energy of all the defects. The trends of 
formation energy versus x, M and δ and the correlation with O 2p-band center are explained in 
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Ruddlesden-Popper (RP) oxides with the K2NiF4 structure (RP214), for example (A1-
xA’x)2MO4±δ (A = La, Pr, Nd; A’ = Ca, Sr, Ba; M = Co, Ni, Cu) are promising potential materials 
for solid oxide fuel cell (SOFC) electrodes and ion transport membranes due to their being 
excellent mixed electronic and ionic conductors (MEICs) and having high surface reactivity with 
O21-2. RP214 oxides can have both O vacancy and interstitial as active O point defects, although 
under temperature T and oxygen partial pressure P(O2) relevant to typical conditions of SOFC 
and similar applications, many RP214 oxides are believed to have O interstitials as the majority O 
defect3-4. Despite the widespread interest in RP214 materials, there is still significant uncertainly 
about their defect chemistry. In particular, the nature of O interstitials—whether in oxide O2- or 
peroxide O1- state—is controversial5-12. While it appears that O interstitial may exist in both 
states, their relative stability and changes with the content of aliovalent dopant x, transition metal 
element M and O defect concentration δ are not well understood. Furthermore, the widely 
accepted mechanism for oxide interstitial oxygen transport effectively passes through the 
peroxide during the interstitialcy mechanism hop, suggesting that the relative energetics of these 
interstitial states may play a major role in interstitial kinetics.13-14 Overall, the balance of the 
oxygen interstitial and vacancy energetics controls defect chemistry and in turn determines the 
associated material properties like electrical conductivity15-16, magnetism16-17, and oxygen 
surface exchange15, 18 and bulk transport19-20. 
Besides defect stability itself, determining how electronic structure controls O defect stability 
and correlates with the O surface exchange and bulk transport kinetics is important to enhance 
understanding and enable rational design and optimization of these materials through both 
computation and experiment. Very recently, Nakamura et al.21 have studied La2NiO4 based RP214 
oxides with soft X-ray absorption spectroscopy and proposed that unoccupied projected density 
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of states (pDOS) of the 2p electrons of lattice O is the determining factor for interstitial O 
formation in La2NiO4 based RP214 oxides. Similarly, Lee et al.22 have extended previous studies 
on perovskites23 and reported that the computed mass centroid of both the occupied and 
unoccupied pDOS of 2p electrons of lattice O atoms relative to the Fermi level (often simply 
referred to as O 2p-band center) is an electronic structure descriptor that correlates with 
calculated bulk and surface O defect formation and absorption energies as well as measured 
activation energies for O surface exchange and bulk transport for selected RP214 oxides.  
However, this initial work22 leaves a number of open questions critical for the design of 
oxygen transport devices. In particular, the nature of the defect chemistry, including under what 
compositions different materials might be dominated by interstitial vs. vacancy O point defects 
and to what extent this defect chemistry can be robustly correlated with O 2p-band center, is still 
not established. Furthermore, a unified understanding in terms of changes in oxidation state and 
electronic structure to guide thinking across the RP214 family of materials needs to be developed. 
Here we report a density functional theory study of the stability of oxygen point defects in a 
series of RP214 oxides (La1-xSrx)2MO4±δ (M = Co, Ni, Cu) with Sr mole fraction covering the 
whole range (x = 0, 0.25, 0.5, 0.75, 1) and three O defect concentrations (δ = 0.0625, 0.125, 
0.25). Four types of O point defects are studied including O vacancies at the apical and 
equatorial positions of the MO2 octahedra, as well as O interstitials in the oxide O2- and peroxide 
O1- states, which are all illustrated in Figure S1 (Supporting Information). Each defect is modeled 
by either adding or removing one O atom from the relaxed pristine supercells of bulk (La1-
xSrx)2MO4, leading to either (La1-xSrx)2MO4+δ or (La1-xSrx)2MO4-δ (i.e., δ is always positive). 
Details of the computational approach and its validation against experiments24-30 are provided in 
the Supporting Information. This work will address the following key questions. First, what are 
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the relative stabilities (as characterized by the formation energy, Edef) of the various O point 
defects in bulk (La1-xSrx)2MO4±δ under typical conditions of SOFC and similar applications (e.g., 
T = 1000 K, P(O2) = 0.21 atm)? Second, what are trends of O defect formation energy Edef  vs. Sr 
mole fraction x, transition metal element M, and O defect concentration δ and how can they be 
interpreted? Third, to what extent does Edef correlate with O 2p-band center for all the four types 
of O point defects over the full range of relevant x, δ and M, and what is the nature of these 
correlations? Answering these questions provides quantitative energies, qualitative trends, 
physical understanding and electronic structure descriptor for the defect chemistry of many of 
the RP214 oxides most active to oxygen surface exchange and bulk transport, thereby laying a 
foundation for their uses in SOFC electrodes and other active oxygen applications. 
Figure 1 presents O point defect formation energy Edef versus Sr mole fraction x. The same 
formation energy is plotted versus transition metal M and O defect concentration δ in Figure S3 
and Figure S4 (Supporting Materials), respectively. A few important properties of of defect 
stability are immediately apparent from these figures. First, we find that equatorial O vacancies 
are always more or at least equally stable than apical vacancies for all the cases of different M, x 
or δ considered here, consistent with previous experimental and computational results for 
LaSrCo0.5Fe0.5O432 and La1.85Sr0.15CuO433. Second, unlike vacancies, the relative stability of the 
two O interstitial states depends significantly on M and x and less on δ. O interstitials are in 
general more or at least equally stable in the oxide state compared to the peroxide state on the La 
end (i.e., x = 0), except for the one case of M= Cu with δ = 0.25 (the bottom right panel), but are 
always more stable in the peroxide state on the Sr end (i.e., x = 0). In the middle, the formation 
energy curves for the two interstitial states cross, which occurs at smaller x as the atomic number 
of M or the defect concentration δ increases. For example, when δ = 0.125 the crossings are near 
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x = 0.50, 0.20 and 0 for M = Co, Ni, Cu, respectively; for M = Ni, the crossings are near x = 
0.25, 0.20 and 0.12 when δ = 0.0625, 0.125, and 0.25 respectively. Finally, comparing the most 
stable O vacancies with the most stable O interstitials, Figure 1 shows that under the typical 
SOFC condition of T = 1000 K and P(O2) = 0.21 atm the former are further more stable than the 
latter towards the Sr rich end while the opposite is true towards the La rich end. The formation 
energies of the two again cross in the middle, near x = 0.50 for M = Co, 0.25 for M = Ni, and 
0.10 for M = Cu when δ = 0.0625. As δ further increases these crossovers occur at larger x 
(slightly larger x when δ = 0.125 and substantially larger x when δ = 0.25). Table S3 (Supporting 
Information) further gives some more precise comparisons to experimentally measured 
crossovers27-30, showing discrepancies between the model and experiment less than 0.1 in x for all 
the three systems. At higher T or lower P(O2) (i.e., more reducing conditions), the O chemical 
potential becomes smaller, so O interstitials will become less stable while vacancies become 
more so, and hence the crossover will occur at smaller x. Notably, towards the La rich end 
peroxide interstitials can indeed be the most stable O point defects in (La1-xSrx)2MO4±δ especially 
for M = Ni and Cu and when δ is sufficiently large (e.g., δ = 0.125, which may be reached in O 
rich environment), consistent with previous experimental results5, 11.  
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Figure 1. Formation energy for O point defects versus Sr mole fraction x in (La1-
xSrx)2MO4±δ. The referenced O chemical potential corresponds to T = 1000 K and P(O2) = 0.21 
atm (Supporting Information)31. The three columns are for M = Co, Ni and Cu while the three 
rows are for δ = 0.0625, 0.125 and 0.25, respectively. 
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Overall, the formation energies generally increase or are flat for oxide interstitials while 
decrease or are flat for both equatorial and apical vacancies with higher Sr content x (Figure 1) 
and larger atomic number of transition metal M (Figure S3). The effects of both x and M on the 
formation energies become smaller at larger x, in particular for oxide interstitials. For example, 
Figure 1 (Figure S3) shows that formation energy curves of oxide interstitials seem to level out 
with x (with M) approximately after x ≥ 0.75. In contrast to their opposite trends with x and M, 
the formation energies for oxide interstitials and vacancies (both equatorial and apical) are 
generally both increased with larger O defect concentration δ (Figure S4). For peroxide 
interstitials, however, the defect stability generally does not seem to be affected by x, M, or 
δ, except to some small extents when x ≈ 0. 
All of these trends can be readily understood in terms of the oxidation chemistry of the defect 
formation and the electronic structure of RP214 oxides. Increasing x oxidizes the system, which 
effectively lowers the Fermi level relative to vacuum, as does increasing the atomic number M 
from Co to Ni and further to Cu. With a lower Fermi level, oxidative defects like the oxide 
interstitial become less stable while reductive defects like the vacancies become more so. The 
peroxide interstitial is largely unaffected by changes in the Fermi level (and therefore x and M) 
as they form by the reaction O2-(solid) + 1/2O2(gas) -> O22-(solid), which does not involve any 
redox in the oxides.  
The reduced sensitivity of oxide interstitials to x and M when x is larger than some threshold 
occurs because oxide interstitials are trying to oxidize a system whose transition metal cannot be 
easily oxidized further. That is, transition metal ions are in oxidation states with prohibitively 
high oxidation energy (i.e., the energy required going to a higher oxidation state). As a result, 
oxide interstitials will oxidize lattice O rather than transition metal ions and therefore the 
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formation energy of oxide interstitials becomes largely independent of Sr content, as the lattice O 
ions change relatively little with increasing Sr content due to the larger number of available O 
atoms and associated electrons compared to transition metals. The proceeding argument is 
supported by the experimentally measured average oxidation number for Co ions in (La1-
xSrx)2CoO4±δ27, which increases with Sr content initially but levels out for larger Sr content. 
Similarly, once oxygen redox rather than transition metal redox is playing a dominant role we 
can also expect the formation energy of oxide interstitials to be relatively insensitive to the 
transition metal M, which explains the level out of Edef vs. M after x ≥ 0.75 observed in Figure S3 
(Supporting Information). Therefore, it is the oxidation of the system to a level where redox is 
effectively pinned by oxygen redox (vs. transition metal redox) that leads to a reduced sensitivity 
to x and M. 
The trends of Edef versus δ can also be understood in terms of oxidation and electronic structure 
changes, although here we must also consider mechanisms of direct defect interaction such as 
electrostatics. In general, we would expect defects to become less stable with increasing δ due to 
strain, electrostatics, and Fermi level effects, which is what is observed in our calculations and 
consistent with experiments (e.g., the increase in formation energy with defect concentration δ 
has also been observed experimentally34 for (La1-xSrx)2NiO4+δ). Furthermore, because the redox 
active defects (oxide interstitials and vacancies) have more significant electrostatic interactions 
and change the Fermi level in a manner that makes them harder to form, they are expected to 
have stronger δ dependence, which is also generally what is observed. However, precise trends 
with δ can depend significantly on many factors, including electrostatic and strain interactions 
between the oxygen defects as well as the specific defect and Sr locations, and thus a more 
	 10	
quantitative analysis of factors governing formation energy must treat specific cases rather than 
all those cases studied here. 
 
Figure 2. Electronic density of states for a) (La1-xSrx)2NiO4 with x = 0, 0.25, 0.5, 0.75 and 1, 
and b) La2MO4 with M = Co, Ni and Cu. 
The redox arguments given above to explain the trends of Edef versus x and M can be verified 
by examining the electronic density of states (DOS) for our materials, which are provided in 
Figure 2. Figure 2 a) illustrates the trends with x using the DOS of (La1-xSrx)2NiO4. When x 
increases from 0 to 0.75, the pDOS of transition metal M moves down relative to oxygen which 
effectively brings down the overall Fermi level to be closer to, and eventually dominated by, the 
O pDOS, with the transition appearing to be complete near x = 0.75. The shift in the metal M 
bands makes the system harder to oxidize by oxide O interstitials and easier to reduce by O 
vacancies at higher x. The relative change (e.g., between x = 0 - 0.25 and x = 0.25 – 0.5) in the 
energies of the M bands becomes smaller when x is larger, explaining why the effect of further 
increasing x is smaller when x is larger. Going further from x = 0.75 to 1 then appears to only 
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only a very small amount. Note that here we have only shown the case with M = Ni. For those 
with other transition metals, the trends are similar, but the threshold x may be different.  
 
Figure 3. Formation energy of O point defects versus O 2p-band center (relative to the 
Fermi level) in bulk (La1-xSrx)2MO4±δ (M=Co, Ni, Cu) with δ = a) 0.0625, b) 0.125, and c) 
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0.25. The referenced O chemical potential µ(O) corresponds to T = 1000 K and P(O2) = 0.21 atm 
(Supporting Information)31. For each type (color) of defect, star, circle and triangle symbols 
indicate actually calculated values for M = Co, Ni and Cu, respectively, while the straight line is 
a linear fitting of them. Details of the fittings are provided in Table S4 (Supporting Information). 
The trends with M can be explained using the DOS of La2MO4 in Figure 2 b). As the atomic 
number M increases, the metal M pDOS is lower in energy with respect to the O pDOS, 
corresponding to the higher metal electronegativity and associated redox energy. Thus 
substituting M with M’ of higher atomic number has the same qualitative effect as increasing x. 
This result explains why M ions become harder to oxidize by oxide O interstitials but easier to 
reduce by O vacancies when the transition metal M changes from Co to Cu. Note that here we 
have only shown the case with Sr content x = 0. Although not shown in Figure 2, we note that 
with larger x, the transition metal M bands will have smaller difference in the energy and 
eventually overlap when x is over some threshold, explaining the decreasing effect of M when x 
becomes larger. 
Figure 3 shows that formation energy of all the four O point defects in bulk (La1-xSrx)2MO4±δ 
correlates linearly with their O 2p-band centers. As given in Table S4 (Supporting Information), 
the coefficients of determination (R2) are between 0.8 and 0.9 for all defects except the peroxide 
interstitials, for which the near-zero slopes lead to low R2 despite the good linear correlation. 
Outliers for the fittings are those for O vacancies at x = 0 in the M = Ni case with O 2p-band 
center near -3.5 eV (not labeled in Figure 3), which are also those breaking the linear Edef vs. M 
trend mentioned above. We believe these outliers are due to the fact that vacancy formation in 
La2MO4 reduces M from 2+ to 1+, which can lead to physics distinct from all the other defect 
formation reactions studied here as they include only 2+/3+/4+ defect states. The 2+/1+ redox is 
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unphysical for Co and Ni, and perhaps even Cu, and therefore not of significant interest so we 
make no effort to address these outliers. The slopes for the fitting curves are almost 0, positive 
and negative for peroxide interstitials, oxide interstitials, and vacancies, respectively. These 
trends are as expected, as higher 2p-band center corresponds to a system that is harder to oxidize 
and easier to reduce. These linear relationships can be used for rapid computational screening as 
the O 2p-band descriptor can be determined much faster than the defect energies. Furthermore, 
the result that defect formation energies in the RP214 phases depend linearly on O 2p-band 
suggests that this descriptor will be successful for describing many of the oxygen transport and 
catalytic properties of RP214 phases, as already demonstrated for activation energies by Lee, et 
al.22  
The linear relationship with the O 2p-band can again be interpreted based on electronic 
structure. The O 2p-band center relative to vacuum is determined by stability of electrons in 
lattice O atoms, which in turn are determined largely by the O electron affinity and electrostatic 
Madelung potential. We propose that the latter two are little changed by altering x and M within 
the RP214 structure, and that the O 2p-band center is therefore an approximately fixed reference 
vs. vacuum. Within this approximation the O 2p-band center relative to the Fermi energy is also 
a measure of the changes in the Fermi level relative to a fixed vacuum. To the extent that most of 
the changes in defect energies with x, M, and δ are dominated by changes in redox energy they 
will be approximately linearly related to changes in the Fermi level relative to vacuum, and 
therefore linearly related to the O 2p-band center (relative to the Fermi level). These correlations 
then explain the linear relationship between Edef and O 2p-band center. This explanation further 
suggests that the slopes should correlate to the number of electrons involved in the redox of the 
defect, which is in fact what we observed, as discussed in the Supporting Information.  
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In summary, we identified the stable point defects for the RP 214 oxides (La1-xSrx)2MO4±δ (M = 
Co, Ni, Cu) including the composition leading to changes in the dominant defects from 
interstitials to vacancies and from oxide (O2-) to peroxide (O1-) interstitials. Under the typical 
SOFC condition of T = 1000 K and P(O2) = 0.21 atm, O interstitials are preferred over O 
vacancies when no Sr is doped, become similarly stable as O vacancies in the middle (e.g., near x 
= 0.50 for M = Co, 0.25 for M = Ni, and 0.10 for M = Cu when δ = 0.0625), and are dominated 
by O vacancies afterwards. Most importantly, O interstitials in the peroxide state can indeed be 
the most stable O point defects in (La1-xSrx)2MO4±δ with small Sr doping content x especially for 
M = Ni and Cu and when δ is sufficiently large (e.g., δ = 0.125). Furthermore, we showed that 
formation energy of all the four studied O point defects in bulk (La1-xSrx)2MO4±δ correlate 
linearly with their O 2p-band center. We also explained the trends with x, M, δ and O 2p-band 
center in terms of changing redox state of the system and relate them to the changing electronic 
structure.  
The understanding developed in this work may help guide the design and use of RP214 phases 
for applications involving oxygen related catalytic processes and oxygen transport, including fuel 
cell components and ion exchange membranes. Furthermore, our results give insights into the 
rather novel area of oxygen redox, a topic of increasing interest in developing redox active 
systems35. Finally, the identification of the O 2p-band center as a robust descriptor across 
different M and x may simplify the interpretation of O defect related materials properties and 
computational screening of RP214 oxides. More broadly, given that O vacancy formation energy 
in ABO3 perovskite (PV113) oxides also correlates linearly with their O 2p-band centers23, we 
believe linear correlation between formation energy of O point defects and O 2p-band center 
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may be a general phenomenon across many classes of oxides, a hypothesis currently being 
studied further. 
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S1: COMPUTATIONAL METHODS  
Each system of (La1-xSrx)2MO4±δ (M=Co, Ni, Cu) was modeled with three different supercell 
sizes of the same tetragonal Bravais lattice:  2a × 2a × c ,  2a × 2a × c ,  2 2a × 2 2a × c , where a 
and c are the lattice vectors parallel and perpendicular to the rock salt/perovskite layers, 
respectively of the 14-atom conventional unit cell of the K2NiF4 structure, often denoted high 
temperature tetragonal (HTT) (space group 139, I4/mmm). Therefore, the pristine supercells have 
28, 56 and 112 atoms, respectively. Although the Bravais lattice of the supercells was kept 
tetragonal to better simulate the HTT structure that is usually the most stable structure under 
conditions relevant to SOFC and related applications, coordinates of atoms were taken from the 
ground state structure, often denoted low temperature orthorhombic (LTO) (space group 64, 
Bmab) as initial atomic positions for relaxation. Namely, the MO2 octahedra were already 
manually tilted as in LTO. Otherwise tilting may happen when relaxing the atom positions of 
defected supercells, which will introduce unphysical change to defect formation energy. That is 
to say, Bravais lattice of the lattice (i.e., the parallelepiped box) of the simulation supercells is 
tetragonal, but the Bravais lattice of the crystal (i.e., lattice + asymmetric unit) of the simulation 
supercells is orthorhombic. For pristine supercells, atom positions, volume and c/a ratio were 
relaxed while the lattice was kept tetragonal. Thus we explored the energetics of the fully relaxed 
structure with octahedral tilting subject to the constraint that Bravais lattice of the lattice of the 
simulations supercells is kept tetragonal. 
Based on relaxed pristine supercells, defected supercells were created by either adding or 
removing one O atom, and the resulted defected  2a × 2a × c ,  2a × 2a × c , and  2 2a × 2 2a × c
supercells have O defect concentration δ = 0.25, 0.125, and 0.0625, respectively. Note we write 
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the general chemical formula for defected supercells as (La1-xSrx)2MO4±δ. For a supercell 
containing one vacancy, it should be (La1-xSrx)2MO4-δ, while for a supercell containing one 
interstitial, it should be (La1-xSrx)2MO4+δ. This way, δ is always positive. Apical and equatorial O 
vacancies were created by removing one lattice O atom from the apical and equatorial position of 
one MO2 octahedron in the (La1-xSrx)O rock salt and (La1-xSrx)MO3 perovskite layer, respectively. 
O interstitial in oxide (O2-) and peroxide (O1-) state were created by adding one O atom, both in 
the rock salt layer, but about 2.6 and 1.5 Å apart from an apical lattice O atom, respectively. 
Wyckoff symbols for oxide  and peroxide interstitials should be 4d and 16n, respectively in 
terms of HTT’s space group, while typical atomic coordinates for oxide and peroxide interstitials 
are roughly (0.75, 0.25, 0.25) and (0.63, 0.14, 0.29) in terms of the  2a × 2a × c  supercell 
lattice. The resulted defected supercells are visualized in Figure S1. Only atom positions were 
relaxed for the defected supercells and the cell parameters were held constant. Note that 
sometimes during relaxation an interstitial O atom may move from an initial oxide interstitial 
position to that of peroxide interstitial (as could be judged by the distance to the nearest apical 
lattice O), or the other way around. Checking, and if necessary re-relaxation were therefore 
performed to ensure the results reported here indeed correspond to the expected interstitial states. 
 Each system of (La1-xSrx)2MO4±δ (M=Co, Ni, Cu) was modeled at five different mole fractions 
of Sr: x = 0, 0.25, 0.5, 0.75, 1. When La or Sr fully occupy the A-site, as occurs at x = 0 or 1, all 
possible positions for each defect also belong to the same Wyckoff site and are symmetrically 
equivalent. However, at x = 0.25, 0.5 and 0.75, the symmetry is lowered as La and Sr are mixed, 
leading to two complications. First, the A site can be occupied by La and Sr in multiple distinct 
ways. Second, for each of these A-site orderings, the previously equivalent defect positions 
become symmetrically distinct, creating many possible defect positions for each type of O 
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defect. We treated this problem by assuming randomly disordered La and Sr and arranging them 
using the special quasi-random structure (SQS) method1 as implemented in the Alloy Theoretic 
Automated Toolkit (ATAT)2-3. We used two and three different  2a × 2a × c  SQS structures at x 
= 0.5 and x = 0.25/0.75, respectively. For each SQS we enumerated all distinct defect positions. 
The resulted defect formation energies are provided in Figure S2. It is encouraging that the 
spread in defect formation energies due to different La/Sr arrangement and defect positions, 
despite being sizable in some cases (particularly for O vacancies), does not seem to blur the 
effects of Sr doping x and transition metal M, which produce quite consistent trends in Figure S1 
that are obvious even with the spread. These trends are the main phenomena we hope to explore 
in this study, not that due to La/Sr arrangement. We found the lowest energy configurations were 
not always the same for different transition metal M. As a result, we picked one typical low 
energy set of SQS structure and defect positions and used them throughout all the three systems 
of M = Co, Ni and Cu. Finally, we generated the  2a × 2a × c  and  2 2a × 2 2a × c  defected 
structures as supercells of the selected 2a × 2a × c defected structures, keeping still only one O 
defect per unit cell.  All the INCAR, POSCAR, KPOINTS and CONTAR files, which include 
the final relaxed coordinates for all the defect calculations used in this study, are also given as 
digital supporting data. 
All calculations were performed in the general framework of spin-polarized Density Functional 
Theory (DFT)4-5 using the Vienna Ab initio Simulation Package (VASP)6-7 version 5.3.3 based on 
the projector-augmented-wave (PAW) method8 as implemented by Kresse and Joubert9. The 
exchange-correlation functional was treated in the generalized gradient approximation (GGA) 
following Perdew and Wang10 (PW-91). On-site Hubbard U potential was added for d-electrons 
of the transition metal elements in the simplified rotationally invariant DFT + U approach11 with 
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effective Hubbard U parameter Ueff = 3.3, 6.4 and 4.0 eV for Co, Ni and Cu, respectively12. The 
PAW potentials used for La, Sr, Co, Ni, Cu, and O were labeled by the VASP developers as La 
14Apr2000, Sr_sv 10Feb1998, Co 03Mar1998, Ni_pv 19Apr2000, Cu 05Jan2001, O_s 
04May1998, which treated 5s26p65d16s2, 4s24p65s2, 3d84s1, 3p63d94s1, 3d104p1and 2s22p4 as 
valence electrons, respectively. The stopping criteria for self-consistent loops were 0.1 meV/cell 
and 1 meV/cell tolerance of total energy for the electronic and ionic relaxation, respectively. A 
plane wave cutoff energy of 425 eV was used. The partial occupancies were set using Gaussian 
smearing with a smearing width of 0.2 eV. The electronic and ionic optimizations were 
performed using the Davidson-block algorithm13 and the Conjugate-gradient algorithm14, 
respectively. The projection operators were evaluated in reciprocal space and non-spherical 
contributions from the gradient corrections inside the PAW spheres were included. Monkhorst–
Pack15 k-point meshes of  6× 6× 3 ,  4× 4× 2 , and  3× 3× 2  were used to sample the Brillouin zone 
for the  2a × 2a × c ,  2a × 2a × c ,  2 2a × 2 2a × c  supercells, respectively.  
In order to use a consistent and tractable set of magnetic structures, all calculations were 
performed in the ferromagnetic state to simulate a magnetic environment more similar to the 
application relevant high-temperature paramagnetic state than the typically antiferromagnetic 
ground state16. Disordered moments in paramagnetic state are significantly more difficult to 
model and we believe that the trends and conclusions identified here would not be altered by 
using random spin arrangements. For M = Co, the relaxed spin states seemed to evolve from 
high spin to intermediate spin with increasing Sr mole fraction x, but were in general very 
difficult to reach convergence as we found that VASP’s optimization algorithm often became 
stuck in metastable spin states. Therefore, we also manually searched for the ground spin states 
using series of calculations with constrained magnetic moments. The current results are the 
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lowest energy solutions from both VASP’s optimization and our manual searches. We believe 
for most cases the spin states should have been converged. For a few selected cases (e.g., at x = 
0.75, M = Co, δ = 0.125 in the first panel of second row in Figure 1), convergence may not have 
been reached despite our extensive efforts, which leads to small kinks in the formation energy, 
Edef, but does not affect the main trends of Edef vs. x, M, and δ that are focus of this study. On the 
other hand, VASP’s optimization algorithm usually had no difficulty reaching convergence for 
M = Ni and Cu. The relaxed spin states are low spin for M = Ni. For M = Cu, the d shell is 
mostly full without distinction of spin states, and the relaxed magnetic moments are typically 
very small or zero.  
The O 2p-band center was determined using the mass centroid of the projected O 2p-states 
(including both the occupied and unoccupied states) relative to Fermi level of relaxed pristine 
supercells. The formation energy Edef for O point defects was calculated as:
 
Edef (T , P(O2 )) = E((La1-xSrx )2MO4±δ )− E((La1-xSrx )2MO4 ) ∓δµO2 (T , P(O2 )) , where E((La1-xSrx)2MO4) 
and E((La1-xSrx)2MO4±δ) are the total energy of the defected supercell (La1-xSrx)2MO4±δ and 
pristine supercell (La1-xSrx)2MO4, respectively, both from ab initio calculations at 0 K in this 
study, while  µO2 (T , P(O2 ))  is gas phase O chemical potential. We used  µO2 (T , P(O2 ))  values that 









0 ] = -8.76 eV/O2 = -4.38 eV/(O atom) is just the corrected O2 
molecule total energy16; adding to it the change in the free energy of O2 from the reference state 
(T0, P0(O2)) = (298.15 K, 1 atm), which we obtained from Ref.17,  µO2 at finite T and P(O2) was 
estimated, for example  µO2 (1000 K,0.21 atm) = -5.59 eV/(O atom). No charge compensation was 
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performed (i.e., no additional charge was added, so the defected supercells were neutral overall 
although defects could have localized charges) as all the systems are metallic except perhaps 
those with x = 0. 
S2:  Validation of computation approach against experiment 





DFT = -4.38 eV/(O atom)16 are tabulated in Table S1. Based on them, results at finite T 
and P(O2) can be obtained using corresponding O chemical potentials (see Section S2 above). 
Table S2 compares our computed formation energy with experimental results we find in the 
literature18-20. The discrepancy is < 0.4 eV/(O defect), which is typical for defect energetics due 
to experimental uncertainty, DFT errors, possible differences in the computational setup from 
experiments, and the simplified identification of our formation enthalpy with that measured in 
full defect chemistry of the experiment. Table S3 further compares the critical x where (La1-
xSrx)2MO4±δ switches between O hypo- and hyper-stoichiometric, which is determined 
experimentally by equilibrium O contents21-24. We estimate this crossover from our data as where 
the calculated most stable O interstitial energy curve crosses with that of the most stable O 
vacancy. We find the discrepancy between the calculation and the experiment to be less than 0.1 
for all three systems, which should be within the expected uncertainty range. The two 
comparisons demonstrate the fidelity of our computational approach.  
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S3: Slope of the defect formation energy versus the O 2p-band center 
We propose that the slope (given in Table S4) of the formation energy of O point defects 
versus the O 2p-band center should correlate to the number of electrons involved in the redox 
reaction of the defects. For vacancies, which donate two electrons and therefore should ideally 
have a slope of -2, the actual slopes from our calculations range from -2.05 to -1.60, which is 
qualitatively consistent with our simple model. For oxide interstitials, which take two electrons, 
and therefore ideally should have a slope of +2, the actual slopes range from 0.94 to 1.75 
depending on defect concentration δ, which is somewhat lower than expected. It seems that the 
slopes of oxide interstitials decreases with O δ, but those of O vacancies are largely constant. We 
hypothesize that the increasing 2p-band center, which leads to a more covalent material, allows 
better screening of the defect, which lowers their interactions and thereby reduces their slope 
when it is positive. This effect would be expected to be stronger for the defects that interact more 
strongly, which may explain why it occurs for the oxide interstitials but not the vacancies. If this 
hypothesis is correct then the slope would also be expected to approach +2 for the oxide 
interstitials at very small δ. Indeed, the slope value for our smallest δ = 0.0625 is 1.75, which is 
again in reasonable agreement with the implications of our hypothesis. 
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Table S1. Formation energy (eV/ O defect) for O point defects in (La1-xSrx)2MO4±δ. The 





-4.38 eV/(O atom)16. 
δ 0.0625 0.125 0.25 























 0 -4.0 -0.6 6.5 4.5 -2.7 -0.1 6.7 5.4 -1.6 0.0 6.4 5.3 
 0.25 -0.6 -0.1 3.8 3.3 -0.4 0.0 4.1 3.3 -0.3 0.1 4.8 3.9 Co 0.5 0.2 0.1 2.8 2.4 0.1 0.0 2.5 2.5 0.5 0.2 3.1 3.1 
 0.75 1.4 0.1 1.7 1.3 1.3 0.3 2.2 2.0 1.4 0.4 2.6 2.2 
 1 1.4 0.1 1.3 0.8 1.1 -0.1 1.2 0.7 1.3 0.3 1.7 1.2 
 0 -2.4 -0.4 6.4 5.2 -1.4 -0.1 6.6 5.5 -0.4 0.0 6.5 5.6 
 0.25 0.4 -0.1 2.5 2.0 0.6 0.0 2.8 2.2 0.8 0.2 3.9 3.1 Ni 0.5 1.0 0.1 1.4 1.4 1.0 0.1 1.5 1.5 1.1 0.2 1.9 1.9 
 0.75 1.3 0.0 0.9 0.7 1.3 0.1 1.0 0.8 1.3 0.2 1.5 1.3 
 1 1.2 0.0 1.0 0.6 1.5 0.0 1.1 0.7 1.5 0.2 1.5 1.0 
 0 -1.5 -1.1 2.7 2.1 -0.5 -0.5 4.2 3.1 0.1 -0.3 5.2 3.6 
 0.25 0.3 -0.1 1.7 1.3 0.7 -0.1 1.9 1.7 0.6 0.1 2.6 2.3 Cu 0.5 0.8 0.1 1.5 1.2 1.0 0.1 1.6 1.4 1.1 0.2 2.0 1.7 
 0.75 1.4 0.1 0.9 0.2 1.4 0.1 1.0 0.5 1.4 0.2 1.5 1.0 
 1 1.3 0.1 0.8 -0.1 1.4 0.1 1.0 0.1 1.4 0.2 1.4 0.5  
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Table S2. Formation energy for O point defect in (La1-xSrx)2MO4±δ compared between 
theory and experiment. The referenced O chemical potentials correspond to P(O2) = 0.21 atm 
for all the four cases and T given in the table for each case. The experimental references18-20 and 
this work use La2-x’Srx’MO4-y and (La1-xSrx)2MO4±δ as chemical formula respectively, so x = 0.5x’ 
and δ  = |y|. Theoretical values are those with δ closest to the experimental |y| (δ  = 0.0625, 0.125, 








Co 0.5 22 2.0 2.1 (Ref. 18) 
Co 0.75 22 1.7 2.1 (Ref. 18) 
Ni 0.05 704 -0.7c -1.1 (Ref. 19) 
Cu 0.5 700 0.5 0.7 (Ref. 20) 
aEdef of the most stable O defect (equatorial vacancy, equatorial vacancy, oxide 
interstitial, and equatorial vacancy from top to bottom) 
bConverted from ΔHox (enthalpy of oxidation) by keeping/reversing sign for O 
interstitial/vacancy and changing unit from kJ/(mole O2) to (eV/O defect atom). 
cFrom linear interpolation of the calculated values with x = 0 and 0.25. 
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Table S3. Sr mole fraction x at the transition between O interstitial and O vacancy as the 
majority defect in (La1-xSrx)2MO4±δ compared between theory and experiment21-24. The 
referenced O chemical potentials correspond to T and P(O2) given in the table. 







Co 1000 0.21 0.35 0.4-0.6 (Ref. 21) 
Ni 1300 0.21 0.15 0.1-0.2 (Ref. 22) 
Cu 800 1 0.11 0.05-0.08 (Ref. 23) 
Cu 1000 1 0.05 0-0.1 (Ref. 24) 
aThe x where O defect concentration δ changes from positive to negative. 
bThe x where the formation energy curve of the most stable O interstitial crosses 
with that of the most stable O vacancy. The formation energy curves are linear 
interpolations of the actually calculated values for x = 0, 0.25, 0.5, 0.75 and 1. 
  
 S12 
Table S4. Slope, intercept and coefficient of determination (R2) for linear fitting of 
formation energy of O point defects versus O 2p-band center (relative to the Fermi level) in 
bulk (La1-xSrx)2MO4±δ (M=Co, Ni, Cu). The referenced O chemical potential µ(O) corresponds 
to T = 1000 K and P(O2) = 0.21 atm16. 
 δ Oxi. Int. Per. Int. Api. Vac. Equ. Vac. 
slope 
0.0625 1.75 0.29 -1.94 -1.60 
0.125 1.28 0.10 -2.05 -1.78 
0.25 0.94 0.13 -1.90 -1.66 
intercept 
0.0625 5.29 1.75 -3.20 -3.03 
0.125 4.58 1.45 -3.30 -3.17 
0.25 4.05 1.65 -2.49 -2.51 
R2 
0.0625 0.89 0.51 0.83 0.84 
0.125 0.89 0.25 0.88 0.90 





Figure S1. Defected supercells of (La1-xSrx)2MO4±0.25 containing one O point defect of a) 














a) b) c) d)
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Figure S2. Formation energy for O point defects versus Sr mole fraction x in a) (La1-
xSrx)2CoO4±0.25, b) (La1-xSrx)2NiO4±0.25 and c) (La1-xSrx)2CuO4±0.25. The referenced O chemical 




DFT = -4.38 eV/(O atom)16. 
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Figure S3. Formation energy for O point defects versus transition metal M in (La1-
xSrx)2MO4±δ with Sr mole fraction x = a) 0, b) 0.25, c) 0.5, d) 0.75, and e) 1. The referenced O 
chemical potential corresponds to T = 1000 K and P(O2) = 0.21 atm16. For each type (color) of 
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d) x(Sr) = 0.75
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Figure S4. Formation energy for O point defects versus O defect concentration δ in (La1-
xSrx)2MO4±δ with Sr mole fraction x = a) 0, b) 0.25, c) 0.5, d) 0.75, and e) 1. The referenced O 






















































e) x(Sr) = 1
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(La1-xSrx)2MO4 δ
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chemical potential corresponds to T = 1000 K and P(O2) = 0.21 atm16. For each type (color) of 
defect, star, circle and triangle symbols indicate M = Co, Ni and Cu, respectively.  
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